Vibrational properties of a sodium tetrasilicate glass: Ab initio versus
  Classical Force Fields by Ispas, S. et al.
ar
X
iv
:c
on
d-
m
at
/0
30
63
32
v2
  [
co
nd
-m
at.
dis
-n
n]
  1
7 N
ov
 20
03
Vibrational properties of a sodium tetrasilicate glass: Ab initio
versus Classical Force Fields
Simona Ispas∗1, Nikolay Zotov2, Sidoine De Wispelaere1, and Walter Kob1
1 Laboratoire des Verres, Universite´ Montpellier 2,
Place E. Bataillon, 34095 Montpellier Cedex 5, France
2 Mineralogisch-Petrologisches Institut,
University Bonn, Poppelsdorfer Schloss,
D-53115 Bonn, Germany,
Abstract
We have determined the vibrational properties of a sodium tetrasilicate
(Na2Si4O9) glass model generated by molecular dynamics simulations. The study
has been carried out using a classical valence force fields approach as well as an ab
initio approach in the framework of the density functional theory. The total and
partial vibrational densities of states (VDOS) are presented, as well as some char-
acteristics of the vibrational modes (participation ratios, correlation lengths). For
the low-frequency bands below 500 cm−1, we find that the shapes of the two calcu-
lated VDOS as well as those of their corresponding partial VDOS are quite similar.
For the intermediate- and high-frequency ranges, we observe larger discrepancies
between the two calculations. Using the eigenmodes of the dynamical matrix we
also calculate the polarized Raman spectra within the bond-polarizability approx-
imation. We find an overall agreement between the calculated parallel polarized
(VV) Raman spectra and the corresponding experimental spectrum. Regarding
the perpendicular depolarized (VH) Raman spectrum, the comparison of the cal-
culated spectra to the experimental data indicates a need for an adjustment of the
VH bond-polarizability parameters.
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1. Introduction
The nature of the vibrational excitations of silicate glasses and melts represents a chal-
lenging problem of condensed matter physics, glass and earth sciences. Significant ex-
perimental and theoretical efforts have been made in order to understand the vibra-
tional properties of these materials, because they provide valuable information about
the underlying microscopic structure and other anomalous physical properties of silicate
glasses [1]. However, the lack of long-range translational order considerably complicates
this task and requires new approaches for measurement, analysis and simulations of the
vibrational spectra of glasses and melts as well as a careful investigation on how the
vibrational spectra depend on the details of the considered glass (chemical composition,
thermal history, etc.).
Therefore we compare in the present paper the vibrational density of states (VDOS)
and several vibrational characteristics of an ab initio model of sodium tetrasilicate glass
Na2Si4O9 (denoted hereafter NS4) calculated by two different methods. The first cal-
culation is based on an ab initio treatment of the interatomic forces and is performed
in the framework of the density functional theory, while the second one is performed in
the approximation of a classical valence force fields (VFF) potential which is especially
suited for describing the dynamics of partially covalent materials like silicate glasses.
The structure of the NS4 glass has been intensively investigated by different experi-
mental methods [2], reverse Monte Carlo (RMC) [3] as well as classical molecular dy-
namics (MD) simulations [4, 5]. Recently, the structural and electronic properties of the
NS4 glass have been modeled by a combined Car-Parrinello and classical MD simulation
[6, 7]. The attention given to this system is justified by the fact that it can be used as
a prototype for more complicated aluminosilicate and hydrous silicate glasses.
The aims of the present study are: (i) to test the quality of the ab initio NS4 vibrational
dynamics by comparing the calculated and experimental polarized Raman spectra; (ii)
to test the quality and the transferability of a previously proposed [5] valence force
fields potential for sodium silicate glasses by comparison with ab initio calculations; and
(iii) to analyse the effects of adding Na2O to a-SiO2 on the character of the vibrational
characteristics of the glass. We would like to note that the present ab initio calculations
using the Car-Parrinello (CP) method involve various approximations (pseudopotentials,
truncated plane-wave basis, etc.) Nevertheless we may expect that the CP approach leads
to a better estimation of the real interatomic forces by comparison to the VFF approach.
On the other hand, the computation time needed to perform a VFF type calculation is
generally very small compared to the one used in first principles calculations.
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2. Calculation procedures
2.1. The glass models
The amorphous NS4 model used in this study contains 90 atoms (24 silicon atoms, 54
oxygen atoms and 12 sodium atoms) confined in a cubic box of edge length 10.81 A˚
corresponding to the experimental NS4 mass density of 2.38 g/cm3 [8]. The glass model
has been generated using combined classical and ab initio molecular dynamics (MD)
simulations. For this we have firstly performed the liquid equilibration, the quench, and
the initial part of the low temperature relaxation of the system by using a classical force
field. Subsequently we have refined the obtained structure within the framework of the
ab initio MD. We note that this approach was successfully employed for the study of the
structural, electronic and vibrational properties of vitreous SiO2 [9, 10], as well as for a
structural and electronic study of vitreous NS4 [6, 7].
The classical MD simulations were performed with an interatomic potential which is a
modification of the potential proposed by van Beest et al. [11], derived in order to study
sodium silicates [12]. The NS4 model was generated by quenching a well equilibrated
liquid at 3500 K to 300 K, with a quench rate equal to 5 · 1013 K/s. The glass model
obtained in this way was annealed at 300 K for 70 ps. The final atomic coordinates and
velocities after the classical relaxation, were used as initial coordinates and velocities for
a short (≈ 0.5 ps) ab initio MD simulation. The ab initio simulations were performed
in the framework of the Car-Parrinello (CP) method [13, 14] using the CPMD software
[15].
In the first principles calculations, the electronic structure calculations were treated
via the Kohn-Sham formulation [16] of density functional theory, within the generalized
gradient approximation employing the B-LYP functional [17]. The valence Kohn-Sham
orbitals were expanded in a plane-wave basis set defined by an energy cutoff of 70 Ry,
at the Γ-point of the supercell. The core-valence interactions were described by norm-
conserving pseudopotentials of the Bachelet-Hamann-Schlu¨ter type for Si atoms [18] and
of the Trouiller-Martins type for O atoms [19]. Further details are given in Ref. [6]. The
CP dynamics was performed using a fictitious electronic mass of 800 a.u. and a time
step of 0.097 fs. In the present CP calculations, we used for the sodium atoms a semi-
core Trouiller-Martins norm-conserving pseudopotential [19] instead of the Goedecker
semi-core type used in Ref. [6]. This change allowed a better estimation of the internal
pressure of the model. Nevertheless, the same structural modifications as reported in [6]
occurred immediately after the CP dynamics was switched on, i.e. the shortening of the
Si-NBO bond and the lengthening of the Si-BO and Na-NBO bonds (in the remainder
of the text, ’BO’ denotes the bridging oxygens, while ’NBO’ denotes the non-bridging
oxygens). The CP run leads to structural relaxation without changes in the network
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topology, the ring and Q-species distributions being determined in the classical stage.
In order to produce the first NS4 glass model (called the ab initio NS4 model) used
further for the vibrational calculations, we relaxed to 0 K the glass model obtained at
the end of the CP simulation described above. The second glass model was produced
by performing a relaxation of the ab initio NS4 model with a harmonic valence force
field (VFF) potential of the Kirkwood-type (see Ref. [5] for further details as well as
the next subsection where we give the values of the VFF potential parameters used in
this work). At the end of the VFF relaxation, the NS4 model had practically the same
average Si-O and Na-NBO bond lengths as the starting ab initio model. However we
found a small decrease (≈ 3%) of the Na-BO bond length as well as a decrease of the
standard deviation of the average Si-O bond length distribution, from 0.033 A˚ to 0.019
A˚. In addition we observed a decrease of the standard deviation of the intratetrahedral
O-Si-O angle distribution (from 3.7 degrees to 2.2 degrees).
2.2. VDOS and Raman spectra calculations
Within the first principles approach, the dynamical matrix was computed numerically
by evaluating the second derivatives of the total energy with respect to atomic displace-
ments (≈ 5.3 ·10−3 A˚ for each atom), which were calculated using the finite differences of
the atomic forces. (We note that, for these latter calculations as well as for the ab initio
relaxation to 0 K mentioned in the previous subsection, we used an energy cutoff of 90
Ry for the plane-wave basis expansions of the Kohn-Sham orbitals.) The direct diagonal-
ization of the dynamical matrix provides the eigenvalues {ωCPp } and the corresponding
normalized eigenvectors {eCP(ωCPp )}, p = 1, . . . , 3N , where N = 90 is the number of
atoms in the model. Each eigenvector is a 3N -dimensional vector which components are
proportional to the displacements of the atoms in mode p.
Within the VFF approach, the dynamical matrix was calculated analytically and was
diagonalized using the Householder method. The detailed expressions of the dynamical
matrix elements are given elsewhere [21]. The obtained vibrational frequencies will be
denoted {ωVFFp } and the corresponding eigenvectors {e
VFF(ωVFFp )}, p = 1, . . . , 3N . In
the present work we used the following values for the stretching force constants αij :
αSi−BO = 465N/m, αSi−NBO = 655N/m, αNa−BO = 25N/m, and αNa−NBO = 30N/m,
while the bending force constants βijk were βBO−Si−BO = βBO−Si−NBO = βNBO−Si−NBO =
35N/m and βSi−BO−Si = 14N/m. We note that we have used larger Na-O stretching
and slightly larger Si-BO-Si bending force constants than the values reported in Ref. [5]
since these values led to a better agreement between the calculated and experimental
heat capacities for sodium silicate glasses [20].
The knowledge of all the eigenmodes allows us to calculate the reduced polarized
Raman spectra of the NS4 glass model using the bond polarizability approximation
4
(BPA) [22] presented in details in Refs. [5, 23]. The BPA parameters used in the present
work are : A′Si−BO = 0.5 A˚
3
, γSi−BO = 0.05 A˚
3
, A′Si−NBO = 1 A˚
3
, γSi−NBO = 0.05 A˚
3
,
A′Na−O = 0.05 A˚
3
, γNa−O = 0 A˚
3
, where A′α−β is the derivative of the parallel bond
polarizability parameter with respect to the length of the bond between atoms α and
β, while γα−β is the perpendicular bond polarizability parameter for the α− β bond
(α, β=Si,Na,BO,NBO,O). Recently, a comparison of the Raman scattering mechanism
in α-quartz using both ab initio and BPA methods has shown that the BPA reproduces
the ab initio Raman intensities within 15% [24]. For amorphous silica models generated
by ab initio molecular dynamics simulations, the use of the BPA gives rise to Raman
spectra in good agreement with experimental data [25]. This gives strong support for
the application of the BPA for the calculation of the Raman spectra of large models of
silicate glasses. The comparison of the Raman spectra calculated independently from
the CP and the VFF eigenmodes will allow us to investigate separately the effects of the
BPA parameters and the eigenmodes on the accuracy of the Raman spectra calculations.
3. Results
In Fig. 1 we compare the CP and VFF vibrational densities of states. Both VDOS
are normalized to one, and we have used the same uniform Gaussian broadening of full
width at half maximum 2σ = 40 cm−1. In both spectra we can distinguish three ranges:
a low-frequency range (0−500 cm−1), an intermediate frequency range (500−900 cm−1),
and a high-frequency range (900−1200 cm−1 ). The low-frequency bands arise generally
from Na-O stretching and bending as well as from Si-O bending and rocking motions.
The strong mid-frequency band near 800 cm−1 arises from complex motion with large
displacements of the Si atoms against the BO atoms [5, 26]. The high-frequency modes
correspond mainly to Si-BO and Si-NBO stretching motions [5].
In spite of the fact that the intensities of the CP low-frequency bands are slightly
higher than the VFF ones, both approaches yield almost identical band positions and
shapes. Larger discrepancies between the two VDOS are found in the mid- and the
high-frequency ranges since the VFF mid-frequency bands are shifted to higher frequen-
cies compared to the CP bands. Nevertheless the two approaches yield practically the
same intensities (same number of vibrational modes). In the high-frequency range the
shape of the vibrational bands is generally the same but the VFF bands are shifted to
higher frequencies, have larger intensities and are more narrow. The latter effect may be
attributed to the decrease of the standard deviation of the Si-O bond length distribution.
Unfortunately, to the best of our knowledge, there are no VDOS data for the NS4 glass
measured by inelastic neutron scattering to compare with our calculations. Therefore
we compare in Fig. 2 the calculated and experimentally reduced polarized (VV and
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VH) Raman spectra. The polarization is VV if the electric fields of the incident and
the scattered light are parallel and is VH when they are perpendicular. We recall that
the so-called reduced spectrum is obtained by multiplying the experimental measured
spectrum with the correction factor ω/[n(ω) · (ω − ω0)
4] in order to have a temperature
independent quantity (n(ω) is the Bose factor). The polarized Raman spectra were
measured on doubly-polished glass plates in backscattering geometry using the 514.5 nm
line of an Ar+ laser and a XY triple spectrometer equipped with a liquid-nitrogen cooled
CCD detector and confocal entrance optics with 300 s accumulation time per spectral
window. The CCD spectra were binned with a step of 4 cm−1. For the calculations
of the theoretical spectra, the final spectra have been obtained by applying a uniform
Gaussian broadening with full width at half maximum equal to 30 cm−1 to the calculated
Raman intensities. It should be noted that generally it is not possible to determine
experimentally absolute Raman intensities. Therefore the VV spectra (Fig. 2a) were
normalized so that the strongest peaks (at about 1100 cm−1, and characterized by a
small depolarization ratio IV H/IV V ≈ 0.07) have the same maximum unit intensity,
while the VH spectra (Fig. 2b), were normalized so that the strongest depolarized peaks
at ≈ 800 cm−1 have the same intensity (with a depolarization ratio IV H/IV V ≈ 0.35).
In the VV Raman spectra (Fig. 2a) we distinguish also three bands. The previous
calculation [5] of the VV Raman spectra on NS4 glass models have assigned the low-
frequency band at about 520 cm−1 to symmetric bending of the Si-BO-Si linkages, the
mid-frequency band at about 780 cm−1 to the Si motions against the BO atoms and
the high-frequency band at about 1100 cm−1 with a shoulder at about 920 cm−1 to the
Si-NBO stretching motions.
For the position and the relative intensity of the low-frequency band, a good overall
agreement between the experimental and the CP calculated curve is observed although,
e.g., the width of the CP band is smaller and the shoulder in the experimental data at
about 600 cm−1 is not reproduced. The agreement between the low-frequency VFF band
and the experimental spectrum is less good - the calculated VFF intensity is stronger
and the maximum peak position is shifted to slightly higher frequencies. In other words,
the VFF potential overestimates the amplitudes of the Si-BO-Si symmetric bending
vibrations.
The intensity of the CP calculated mid-frequency band is in good agreement with the
experiment but its position is shifted approximately 80 cm−1 to lower frequencies. The
shape of the VFF corresponding band is similar to the experimental one, but we note a
smaller intensity and a slight shift to lower frequencies (see the inset in Fig. 2a).
Concerning the high-frequency band, we note that the position of the main peak is
shifted approximately 20 cm−1 downwards in the CP case and approximately 20 cm−1
upwards in the VFF case indicating slightly weaker and slightly stronger Si-NBO inter-
actions, respectively. Both approaches yield much stronger intensity for the 920 cm−1
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band which arises mainly from Si-NBO stretching vibrations in SiO4 tetrahedra with 2
NBO per Si (Q2 species) [5].
In the depolarized (VH) spectra, the calculated low-frequency bands seem to be cor-
rectly positioned (see Fig. 2b, where we have lopped off the top of the VH spectra in
order to see the details of the spectra in the low- and mid-frequency ranges). Regarding
the relative intensities, we note a good agreement for the CP band. In the mid-frequency
range, the CP band is broadened and shifted to slightly lower frequencies, while the VFF
band is shifted to slightly higher frequencies. In a previous calculation of the VH Raman
spectra using a NS4 model generated by RMC simulations [5], the agreement was better
in this frequency range. Since the mid-frequency band arises mainly from Si vibrations
in Q4−species [5], the differences between the present VFF calculation and the results
presented in Ref. [5] are to be attributed to the different degree of polymerization of the
corresponding models [5, 6].
In the high-frequency range (see the inset in Fig.2b) the calculated depolarized Ra-
man intensities are much weaker in both calculated spectra which indicates that the
corresponding Si-O bending BPA parameters are too small.
4. Discussion
In order to understand the differences in the VDOS and Raman spectra computed within
the CP and VFF approaches, we have analysed first the corresponding partial VDOS.
The partial VDOS curves gα(ω) in Fig. 3 (α = Si, BO, NBO, Na) have been defined as :
gα(ωp) = g(ωp)
∑
i∈α
|ei(ωp)|
2 (1)
where ei(ωp), i = 1, . . . , N , are 3-component real space eigenvectors.
For the low-frequency bands, we have an overall good agreement between the CP and
VFF partial VDOS. The band maxima positions for the Si (Fig. 3a), BO (Fig. 3b) and
NBO (Fig. 3c) atoms are very close (±30 cm−1). In this frequency range the NBO atoms
participate mainly in O-Si-O bending vibrations [5]. The biggest intensity differences
are observed in the BO (Fig. 3b) and Na (Fig. 3d) partial VDOS, which can explain
the differences in the total VDOS in this frequency range.
As can be seen in Fig. 3d, both the CP and VFF calculations predict a dominant Na
contribution only in the low-frequency range, but the VFF peak is shifted (≈ 40 cm−1)
as a whole to lower frequencies. From a previous VFF analysis [5] of the vibrational
characteristics of two NS4 structural models obtained by classical MD and RMC simula-
tions, it followed that the Na motion dominated below ≈ 100 cm−1. In the present VFF
calculation, the Na contribution reaches a maximum at ≈ 170 cm−1. Thus the Na-O
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stretching force constants used in the present work describe better the Na-O motion
than the force constants reported in Ref. [5].
At intermediate frequencies, the CP and the VFF partial VDOS for the Si, BO and
NBO atoms have qualitatively the same shape but the ones for Si and BO are shifted
to lower frequencies in the CP calculation (Fig. 3a and b). These shifts are similar
to the observed shift of the mid-frequency band in the VV calculated using the CP
eigenmodes. So it seems that the CP approach does not describe properly the vibrational
dynamics of the Si and BO atoms in the mid-frequency range. Interestingly, the Si
motions are enhanced in the CP calculation while the BO motions are enhanced in the
VFF calculation.
In contrast to this, the partial VDOS show that in the high-frequency range all of the
VFF partial VDOS bands are stronger and more narrow (especially for the BO and Si
atoms) than the CP ones. This feature may be related to the stronger localization of
the CP modes in this frequency range, as it will be discussed below.
As a first measure for the localization of the modes we consider the participation ratio
pc which, for a given eigenmode p, is defined as follows [27] :
pc(ωp) =
(
∑N
i=1 |ui(ωp)|
2)2
N
∑N
i=1 |ui(ωp)|
4
, (2)
where ui(ωp) = ei(ωp)/
√
Mi is the atomic displacement of atom i in mode p and Mi is
the mass of atom i. The frequency dependences of the CP and VFF participation ratios
are shown in Figs. 4a and 4c. As can be seen from Fig. 4a and 4c, the CP modes are
generally more localized than the VFF ones, especially around 200 and above 900 cm−1.
This is an interesting result which merits to be studied in more details. The localization
is also enhanced near the edges of the three main VDOS bands for both the CP and the
VFF participation ratios. These are the so-called band tails containing localized modes,
which have been already observed for a larger NS4 glass models in Ref. [5], as well as
for silica glass models [5, 10, 28]. In the CP case, these tails are more pronounced, in
particular at the top of the lower band and on both sides of the high-frequency bands.
The analysis of the frequency dependences of the vibrational correlation lengths Lc(ωp)
which are plotted in Fig. 4b and 4d, confirms the localization of the high-frequency
modes. The vibrational correlation length is defined as:
Lc(ωp) =
√√√√
∑N
i=1 |ri − rp|
2|ui(ωp)|2∑N
i=1 |ui(ωp)|
2
(3)
where ri is the position of atom i, rp is the center of mode p displacements, defined as
N∑
i=1
ri|ui(ωp)|
2. In this sense, the vibrational correlation length [29, 30] is the standard
deviation of rp, and gives a measure of the spatial localization of the vibrational modes
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by indicating that the amplitude of the atomic vibrations decreases significantly beyond
this correlation length.
5. Conclusions
In this work, we have investigated some aspects of the vibrational dynamics of a model of
sodium tetrasilicate glass, constructed by combined classical and Car-Parrinello molec-
ular dynamics simulations. Its vibrational dynamics has been then studied using two
different approaches - a first principles one and a classical valence force fields one. The
valence force field serves as a natural approach to analyze the character of the vibra-
tional modes in terms of simple motions like stretching, bending and rocking. Within
the bond polarization approximation, we have calculated the polarized Raman spectra
and compared with experimental Raman data.
The VDOS calculated by the two methods have very similar shape, especially for
the low-frequency bands below 500 cm−1. In the high-frequency range, the VFF partial
VDOS for the Si, BO and NBO atoms are shifted to higher frequencies and they are
narrower. This may indicate that the potential VFF parameters have to be adjusted
in order to better reproduce the CP vibrational characteristics of our NS4 model (an
increasing number of low frequency modes, the position as well as the localization of the
high frequency modes).
The comparison of the calculated and experimental VV Raman spectra shows that a
good agreement between the relative intensities of the low- and high-frequency bands is
achieved using the CP eigenmodes. This indicates that the corresponding BPA parame-
ters are approximately correct and can be used for calculation of the VV Raman spectra
of structural models of silicate glasses that are still too large to be fully treated ab initio.
However, despite the fact that the CP eigenvectors are calculated from first principles
they do not reproduce well the position of the mid-frequency VV and VH Raman bands
at around 780 cm−1. Additional improvement of the BPA parameters describing the
high-frequency depolarized Raman bands is also necessary.
The analysis of the character of the vibrational modes shows that the localization
of the CP vibrational modes is stronger than the one of the VFF modes, in particular
on the high ω side of the low-frequency band (≈ 200 cm−1) and on both sides of the
high-frequency bands.
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FIGURE CAPTIONS
Figure 1 : Vibrational densities of states of the ab initio NS4 glass model obtained
within the Car-Parrinello ab initio approach (solid line) and within a classical valence
forcefield approximation (dashed line).
Figure 2 : Frequency dependence of the VV (a) and the VH (b) Raman intensities
calculated within the bond-polarizability approximation using the CP eigenmodes
(dotted lines) and the classical VFF eigenmodes (dashed lines). The solid lines are the
experimental spectra.
Figure 3 : Partial VDOS for Si (a), BO (b), NBO (c), and Na (d). The solid and
dashed lines correspond to the CP and VFF calculations, respectively.
Figure 4 : Frequency dependences of the participation pc and of the vibrational corre-
lation length Lc in the CP case (panels a) and b) ) and in the VFF case (panels c) and
d)). The horizontal lines at a height equal to 5.405 A˚ (i.e. half of our simulation box
length) are drawn as a guide for the eye in order to estimate the number of the normal
modes with correlation length smaller or bigger than this value.
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